Wastewater use for vegetable production is widespread across the cities of many developing countries. Studies on the microbial health risks associated with the practice have largely depended on faecal indicator organisms with potential underestimation or overestimation of the microbial health risks and disease burdens. This study assessed the Escherichia coli O157:H7 infection risk and diarrhoeal disease burden measured in disability-adjusted life years (DALYs) associated with the consumption of wastewater-irrigated lettuce in Kumasi, Ghana using data on E. coli O157:H7 in ready-to-harvest, wastewater-irrigated lettuce. Two exposure scenarios -best case and worst case - 
INTRODUCTION
Globally, diarrhoeal disease and its complications account for billions of illnesses and millions of deaths annually.
Developing countries, particularly those in Africa, have the highest incidence as well as burden of diarrhoeal disease (WHO ). In Africa, diarrhoeal disease is the third ranked cause of mortality after HIV/AIDS and lower respiratory tract infections, and led to 800,000 deaths and 55 million lost life years (expressed as diarrhoeal disease burden and measured in disability-adjusted life years (DALYs)) on the continent in 2011 (WHO ). A plethora of risk factors have been implicated for the occurrence of diarrhoeal disease in developing countries. These risk factors include, but are not limited to, unimproved water and sanitation facilities, poor hygiene practices and unhygienic food handling. In many cities in developing countries with rapidly expanding populations, wastewater use in vegetable farming is contributing to the mix of diarrhoeal disease risk factors.
In these cities, a significant proportion of the vegetables consumed are irrigated with raw or partially diluted wastewater.
Farmers using wastewater for irrigation rarely adopt riskmitigating measures and thus expose themselves and their families, as well as consumers of the wastewater-irrigated vegetables, to pathogens causing diarrhoeal disease (Seidu the link between wastewater irrigation and the transmission of diarrhoea-causing pathogenic organisms is poorly understood. This is partly due to inadequate resources to collect and analyse wastewater and wastewater-irrigated vegetables for pathogenic organisms and a general weakness in existing epidemiological surveillance systems to assess and relate the cause(s) of disease outbreaks. Consequently, the actual contribution of diarrhoeal disease attributed to wastewater irrigation is less well characterized.
In urban Ghana, a significant proportion of vegetable salad served by restaurants and street-food sellers originates from wastewater-fed fields (Seidu & Drechsel ) . It is estimated that daily, about 800,000 people across the cities of the country consume wastewater-irrigated lettuce salad (Seidu & Drechsel ) . This number is likely to increase in synch with rapid urbanization, which is now 3% in Ghana ; Hilborn et al. ) . From 1996 to 1999, an estimated 22 outbreaks of E. coli O157:H7 reported in California were attributed to the contamination of lettuce and spinach in watersheds due to heavy and increased river flow rates (Cooley et al. ) . Outbreaks associated with the consumption of E. coli O157:H7-contaminated vegetables have also been reported in Japan (Michino et al. ) and Sweden (Söderström et al. ) . In the United States, E. coli O157:H7 causes about 73,000 infections and 60 deaths annually (Mead et al. ) , and increased morbidity and mortality has raised public concern due to the fact that infection develops into haemorrhagic colitis and haemolytic uremic syndrome (HUS) which is more pronounced in children, the elderly and the immunocompromised (Abu-Ali 
METHODS
Farm sites, sampling and analysis of E. coli O157:H7 Kumasi is the second largest city in Ghana with a population of over two million and an annual growth rate of 2.7% (Ghana Statistical Service ). The city has a number of hotels, restaurants and street-food vendors that serve salad prepared with wastewater-fed vegetables as a side-dish to consumers. Within the city two cross-sectional surveys were undertaken in all the diluted wastewater-irrigated farms (n ¼ 8) in the wet (August-November, 2012) and dry (December 2012 -May 2013 seasons to assess the level of E. coli O157:H7 in ready-to-harvest lettuce.
In each survey, lettuce heads were aseptically collected from beds in the farms with sterile knives into sterile plastic H7 antisera. Quantifications were based on colony forming units (CFU) expressed per 100 g of lettuce.
Assessment of E. coli O157:H7 infection risk and DALYs
An integrated quantitative microbial risk assessment and DALYs approach was used to assess the E. coli O157:H7 infection risk, diarrhoeal disease morbidity and mortality and burden associated with the consumption of wastewater-irrigated lettuce salad. This was based on the following steps.
Hazard identification
The main hazard was E. coli O157:H7 in the ready-to-harvest, wastewater-irrigated lettuce. The E. coli serotype O157:H7 is regarded as a sub-group of enterohaemorrhagic verocytotoxin-producing E. coli associated with bloody diarrhoea (haemorrhagic colitis) and HUS (Su & Brandt ) .
Exposure assessment
Occurrence of E. coli O157:H7 in ready-to-harvest lettuce:
To account for variability and uncertainty in the level of E. coli O157:H7 in the lettuce, probability distribution functions (PDFs) were fitted to the wet and dry seasons' E. coli O157:H7 data. The PDFs were fitted using the maximum likelihood estimation (MLE) method (Haas et al. ) .
The best fit PDF was obtained based on Akaike Information
Criteria (AIC). Bootstrapping methods were used to obtain the uncertainties around the parameters of the PDFs.
Amount of lettuce consumed and exposure scenarios:
The amount of lettuce consumed per single serving was The dose (D) of E. coli O157:H7 was obtained from the equation
where C is the concentration of E. coli O157:H7 in wastewater-irrigated lettuce salad in a given season (wet or dry);
r is the reduction of E. coli O157:H7 on the salad (i.e., 0
for the worst-case scenario and log 0.5-2 for the best-case scenario); and A is the amount of lettuce salad consumed.
Dose-response (DR) assessment
It has been shown from outbreak studies and feeding trials that the beta-Poisson DR model best describes the dose(s) of E. coli O157:H7 ingested and the probability of infection 
where P inf is the probability of infection; D is the dose of E.
coli O157:H7 ingested via lettuce salad; and β and α are the DR parameters. In this study, the beta-Poisson DR model parameters derived for E. coli O157:H7 by Teunis et al.
() were used. To account for variability and uncertainty, a triangular probability distribution function was fitted to the α and β parameters of the Teunis et al.
() DR model.
Risk characterization
The E. coli O157:H7 infection resulting from a single con- Teunis et al. (2008) ; *Su & Brandt (1995) ; # Havelaar & Melse (2003) .
Diarrhoeal disease burden
Diarrhoeal illness and mortality: Infections with E. coli O157:H7 can result in a wide range of symptoms and secondary complications. Given a probability of E. coli O157:
H7 infection (P inf ), the probability of illness (morbidity)
can be derived as
where the first part of the equation is P inf and the second P symp is the probability of an illness with a certain symptom or secondary complication resulting from the infection given a dose (D) of E. coli O157:H7 with DR parameters α and β.
Equation 3 can be expanded to obtain the probability of mortality (P mort ) as follows:
where P fatal is the probability of fatality given the occurrence of illness (P ill ) with a given symptom resulting from the consumption of a dose (D) of E. coli O157:H7.
To assess the illness (P ill ) and mortality (P mort ) associated with the consumption of E. coli O157:H7-contaminated lettuce salad, the E. coli O157:H7 disease transition model proposed by Havelaar & Melse () , with modifications, was followed. It was assumed that 31% of the infected consumers were asymptomatic (Su & Brandt ) while the rest were symptomatic. Of the symptomatic cases, 53% had watery diarrhoea (P waterdiarr ) and 47% bloody diarrhoea (haemorrhagic colitis) (P blooddiarr ). A case-fatality ratio of 0.03% was applied to cases with bloody diarrhoea ( Disability-adjusted life years: DALYs estimates were made to assess the burden of E. coli O157:H7 related diarrhoeal disease and mortality estimates derived from the previous section. DALYs were estimated using the equation of Murray () as follows:
where YLL is years of life lost due to mortality and YLD is years lived with a disability with weighing factor between 0 and 1 for the severity of the disability or disease. To derive the YLLs and YLDs for the E. coli O157:H7-related diarrhoeal disease and mortality, the following equations were used:
where K ¼ age weighting modulation factor; C ¼ constant;
r ¼ discount rate; a ¼ age of death; ß ¼ parameter from the age weighting function; L ¼ standard expectation of life at age a. In this study, the age cohort 25-29 was used in the 
RESULTS
Occurrence of E. coli O157:H7 in wastewater-fed lettuce and amount of lettuce salad consumed Figure 1 shows the frequency distribution of E. coli O157:H7
in the wet and dry seasons. The occurrence of E. coli O157:
H7 was low in the wastewater-fed lettuce, particularly in the dry season. The likelihood of a lettuce sample being positive for E. coli O15:H7 was 28% (30 out of 107 samples) and 5%
(4 out of 89 samples) in the wet and dry seasons, respectively.
Among the PDFs fitted to the E. coli O157:H7 occurrence data, the gamma PDF was the best fit for both the wet season Figure 4 .
E. coli O157:H7 infection risk, diarrhoeal disease and DALYs

E. coli O157:H7-related diarrhoeal morbidity and mortality
In the wet season, the diarrhoeal disease morbidity per consumer per single serving was 0.12 (95% CI: 0.014-0.269) for the worst-case scenario and 0.028 (95% CI: 0.00089-0.12213) for the best-case scenario ( Table 2 ). The estimated mortalities resulting from the morbidity cases per serving were 8.25 × 10 À5 (95% CI: 9.6 × 10 À6 -1.9 × 10
À4
) and 2 × 10 À5 (6.28 × 10 À7 -8.6 × 10 À5 ) for the worst-case and bestcase scenarios, respectively, in the wet season. In the dry season, the estimated morbidities per consumer per single serving for the worst-case and best-case scenarios were respectively 0.012 (95% CI: 0.000138-0.05589) and 0.0014 (95% CI: 5.26 × 10 À6 -9.4 × 10 À3 ), respectively. In the same season, the corresponding diarrhoeal mortalities for the worst-case and best-case scenarios were 8.69 × 10 À6 (95% CI: 9.6 × 10 À8 -3.9 × 10 À5 ) and 9.9 × 10 À7 (95% CI: 3.68 × 10 À9 -6.6 × 10 À6 ), respectively. 
E. coli O157:H7 DALYs
The estimated disability adjusted life years (DALYs) for the wet season were 2.8 × 10 À3 (95% CI: 3 × 10
À4
-6.5 × 10
À3
) and 7 × 10 À4 (95% CI: 2.2 × 10 À5 -2.96 × 10 À3 ) for the worst-case and best-case scenarios, respectively (Table 2 ).
In the dry season the DALYs were 3 × 10 À4 (3 × 10 À6 -1.3 × 10 À3 ) and 3.4 × 10 À5 (95% CI:
for the worst-case and best-case scenarios, respectively (Table 2 ).
DISCUSSION
The study shows that the occurrence of E. coli O157:H7 in wastewater-irrigated lettuce was seasonally dependent, with potential determinants including precipitation, temperature and humidity. On average, wastewater-fed lettuce collected from the farms was nearly six times (28% in wet season compared to 5% in the dry season) as likely to be contaminated with E. coli O157:H7 in the wet season as in the dry season.
In the wet season, run-offs from animal farms and grazing sites adjacent to the farms are a potential source of E. coli found that E. coli O157:H7 was more persistent on lettuce leaves in the fall when the humidity and temperature were 10 W C and 82%, respectively, and less persistent in the spring when humidity and temperature were 17 W C and 62%.
The study has shown that wastewater-irrigated farms are contributing to the transmission of E. coli O157:H7 with associated diarrhoeal disease and secondary complications decreased by 1,000-fold, while molecular methods (polymerase chain reaction) showed the number of cells was equivalent to the inoculum levels. It was concluded that E. coli O157:H7 either died immediately after application or were no longer culturable. According to Moyne et al.
(), sub-injured cells, which are rarely captured using culture-based methods, can be infectious, and have the ability to regrow under favourable temperature and moisture conditions. Without any further studies to assess the recovery rate of the method, the risk assessment models assumed full recovery (100%) for the method used in this study. This assumption can lead to the underestimation of the infection risk estimates arrived at in this study. It is recommended that molecular methods are used to enumerate E. coli O157:H7 in wastewater-irrigated vegetables.
CONCLUSION
This study has shown that wastewater-fed agricultural produce in Kumasi is contributing to the transmission of E. 
